Introduction
Antibiotics have led to a significant reduction in morbidity and mortality associated with bacterial infections. β-lactam antibiotics are the most commonly used in clinical practice due to their strong antibacterial effects and broad antimicrobial spectra (Elander 2003; Holten and Onusko 2000) . Despite the great benefits, the common side effects of antibiotic include tendinopathy, nephrotoxicity and ototoxicity (Brummett and Fox 1989; Khaliq and Zhanel 2003; Mingeot-Leclercq and Tulkens 1999) . The modes of action and targets of antibiotics in bacteria have been well investigated, such as inhibition of bacterial cell wall synthesis and prevention DNA replication (Drlica and Zhao 1997; Lamb et al. 2015) . Recent studies highlight the significant roles of majority of antibiotics, regardless of their action modes, on mitochondrial inhibition and the production of excessive lethal reactive oxygen species (ROS) in bacterial (Foti et al. 2012; Wang and Zhao 2009; Wang et al. 2010) . Similarly, antibiotics have been shown to inhibit mitochondrial functions and induce oxidative stress in mammalian cells (Kalghatgi et al. 2013; Lamb et al. 2015) .
Mitochondrial damage and oxidative stress largely contribute to the pathogenesis and progression of many neurodegeneration diseases, including brain aging and Alzheimer disease (Brewer 2000) . It has been shown that mitochondrial damage leads to ATP depletion, loss of respiratory capacity, oxidative stress induced by ROS accumulation, induction of mitochondrial-specific cell death (Braun 2012; Krantic et al. 2007 ). We hypothesized that those antibiotics that target mitochondria in bacteria induce mitochondrial dysfunction, leading to oxidative damage mediated death in neuron cells. Various studies have demonstrated the ability of antibiotics in inducing human tumor cell death (Li et al. 2017; Song et al. 2016; Zhao et al. 2016) . However, the effects of antibiotics on human normal neuron cells remain unclear.
D r a f t
In this work, we focused on determining whether an antibiotic piperacillin affect human neuron cell mitochondrial functions and survival. Piperacillin was selected for this study due to its ability to penetrate the blood-brain barrier. We demonstrated that piperacillin caused mitochondrial dysfunction, ROS accumulation and death in SH-SY5Y as well as primary human neuron cells. We further showed that these deleterious effects could be reversed by antioxidant. Our work provide the fundamental evidence on the inhibitory effects of piperacillin on neuron cells and therapeutic strategy to alleviate the adverse side effects of long-term antibiotic treatment.
Materials and methods

Cell culture and drugs
Human SH-SY5Y cell line was purchased from American Type Culture Collection (ATCC) and maintained as the manufacture's instructions. SH-SY5Y cells were grown in 1: 1 mixture of Eagle's Minimum Essential Medium (ATCC, US) and F12 medium supplemented with 10% fetal bovine serum (FBS, Hyclone, UK) and penicillin/streptomycin (Sigma, US).
Human primary neuron cells (ScienCell, US) were maintained in complete Neuronal Medium (ScienCell, US). Piperacillin sodium salt and N-Acetyl-L-cysteine (NAC) were purchased from Sigma and reconstituted in H 2 O.
Apoptosis assay
Cells were treated with piperacillin, NAC or both for 72 hours. Cells were then harvested by trypsinization and resuspended for Annexin V-FITC and Propidium Iodide (PI, BD Pharmingen, US) staining according to manufacture's recommendations. Labelled cells were processed at the flow cytometry on a Beckman Coulter FACS Calibur machine. Analysis was performed using FlowJo version 7.7.1 (TreeStar, Ashland, OR).
Western blot analyses
Whole-cell proteins were prepared using 1X RIPA lysis buffer (Invitrogen, US) supplemented with freshly prepared protease and phosphatase inhibitors (Invitrogen, US).
Equal amount of protein extracts were resolved by gel electrophoresis on SDSpolyacrylamide and then processed for Western blot analyses. Imaging was performed using GBOX system. The antibodies recognizing caspase3, Mcl-1, Bcl-2, γ-H2AX (serine 139) and β-actin (Cell Signaling Technology, US) were used. All proteins were normalized to loading control. 
Measurement of mitochondrial activities
Statistical analyses
The data are expressed as mean and standard deviation. Statistical analyses were performed by unpaired Student's t test. Values were considered statistically significant at p < 0.05.
Results
Piperacillin significantly induces neuron cell death.
SH-SY5Y can grow continuously as undifferentiated cells that have a neuroblast-like
morphology and is one of the most commonly used models to study neuronal cells (Gordon et S1 ). We further found that piperacillin induced ~10%, ~40%, ~55% apoptosis after 24h, 48h, and 72 h treatment, respectively (Fig. 1C ). This suggests that piperacillin induces apoptosis at late time stage such as 48 and 72 h. Consistent with the Annexin V and PI staining results, we also observed the increased levels of cleaved caspase-3 and decreased levels of essential anti-apoptotic molecules, such as Bcl-2 and Mcl-1, in SH-SY5Y and human primary neuron cells exposed to piperacillin (Fig.1C) . These results clearly demonstrate the pro-apoptotic effects of antibiotic piperacillin in human neuron cells.
Piperacillin significantly induces mitochondrial dysfunction and oxidative stress in neuron cells.
Antibiotics from β-lactam class have been shown to inhibit mitochondrial biogenesis and induces oxidative stress in mammalian cells (Kalghatgi et al. 2013; Lamb et al. 2015) . We therefore examined whether piperacillin affects mitochondrial functions in neuron cells by measuring mitochondrial OCR, membrane potential and ATP levels. We found that piperacillin significantly decreases basal and maximal OCR (indicative of reserved respiratory capacity) in SH-SY5Y and primary neuron cells in a dose-dependent manner ( Fig.   2A and B). In addition, decreased mitochondrial membrane potential and ATP production were observed in neuron cells exposed to piperacillin ( Fig. 2C and D) . Superoxide is a D r a f t 8 precursor to many forms of ROS and generated by leakage of electrons from the mitochondrial electron transport chain (Turrens 2003) . Given the inhibitory effects of piperacillin on mitochondrial respiration, we tested the mitochondrial superoxide and intracellular ROS levels in neuron cells. We found that piperacillin dose-dependently increased mitochondrial superoxide and intracellular ROS levels in SH-SY5Y and primary neuron cells ( Fig. 2E and F) , demonstrating that piperacillin induces oxidative stress in neuron cells.
Piperacillin causes oxidative damage to neuron cells.
We next determined whether oxidative stress induced by piperacillin leads to oxidative DNA damage in neuron cells by analyzing the levels of γ-H2AX (a core histone protein in response to DNA damage) and 8-OHdG (an oxidized DNA byproduct). Western blot analyses showed that γ-H2AX levels were significantly increased in neuron cells treated with piperacillin ( Fig.   3A and supplementary Fig. S2) . Similarly, the increased levels of 8-OHdG were observed in neuron cells after piperacillin treatment (Fig. 3B) , confirming that piperacillin induces oxidative DNA damage. We further found that piperacillin induced protein and lipid damage as shown by the increased levels of protein carbonyls (a modification of proteins resulting from oxidative damage) and malondialdehyde (MDA, an end product of lipid peroxidation)
in neuron cells treated with piperacillin ( Fig. 3 C and D) . Taken together, piperacillin induces oxidative DNA, protein and lipid damage in neuron cells.
NAC rescues piperacillin-induced mitochondrial dysfunctions, oxidative damage and cell death in neuron cells.
We then investigated whether piperacillin-induced these deleterious effects can be rescued by antioxidant. NAC is an antioxidant and commonly used to buffer extraneous ROS in mammalian cells (Aruoma et al. 1989 ). SH-SY5Y and primary neuron cells were pretreated D r a f t 9 with NAC, followed by piperacillin treatment. We found that NAC pretreatment restored mitochondrial respiration and membrane potential, and ATP production to similar levels observed in control cells (Fig. 4) . NAC pretreatment also abolished piperacillin-induced ROS levels (Fig. 5A) . NAC pretreatment also reversed the effects of piperacillin in increasing levels of γ-H2AX, 8-OHdG, protein carbonyls and MDA (Fig. 5B to E and supplementary Fig. S3 ). Importantly, piperacillin is ineffective in inducing neuron cell apoptosis in the presence of NAC (Fig. 5F ). These data indicate that oxidative damage induction is required for the action of piperacillin in neuron cells.
Discussion
It is known that antibiotics can cause adverse effects in central nervous system, such as depression and headache (Munjampalli and Davis 2016) . However, the mechanisms of antibiotics on how they interact with neuron cells are largely unknown. Better understanding of the mechanisms of action of antibiotics in neuron cells, particularly for those that can penetrate blood brain-barrier, is important to accomplish a clear safety profile for antibiotics and combat the side effects of prolonged treatment. Piperacillin is a broad-spectrum β-lactam antibiotic and commonly used in combination with tazobactam for hospital-acquired pneumonia (Yim et al. 2016) . In this work, we systematically investigated the toxicity of piperacillin in neuron cells and its underlying mechanisms. The cultured neuron cells SH-SY5Y we selected for demonstrating the biological effects of piperacillin is a common model to study neuronal cells (Gordon et al. 2013) . Apart from neuron cell line, human primary neuron cells were also applied to further confirm the effects of piperacillin. We are the first to show the significant mitochondrial dysfunction and oxidative damage by piperacillin treatment, leading to neuron cell death.
D r a f t 10
The pro-apoptotic effect of antibiotics has been demonstrated in mammalian cells, particularly in various types of human tumour cells (Li et al. 2015; Yadav et al. 2015; Yu et al. 2016) . It has been suggested that human tumour cells are more sensitive to antibiotics compared to their normal counterparts in aspects of inducing apoptosis and inhibiting proliferation (Skrtic et al. 2011; Yu et al. 2016) . In agreement with the previous reports, we found that piperacillin significantly induced apoptosis in neuron cells, accompanied by a profound increase in cleaved caspase 3 and reduction in Mcl-1 and Bcl-2 levels ( Fig.1 and supplementary Fig. S1 ). Our work adds neuron cells to the growing list of antibiotic-targeted mammalian cells and supports the previous work that antibiotics at clinically relevant doses are toxic to normal human cells.
Mechanistically, piperacillin targets mitochondria in neuron cells as shown by the decreased mitochondrial respiration, membrane potential and ATP production ( Fig. 2A to D) . The action of piperacillin on mitochondrial in neuron cells is similar to the action of levofloxacin in breast cancer cells and tigecycline in leukaemia cells (Skrtic et al. 2011; Yu et al. 2016 ).
The common feature of these antibiotics is that they also target mitochondria and mitochondrial components in bacteria and induce oxidative damage (Lamb et al. 2015; Pochini et al. 2008) . We further found that piperacillin caused accumulation of mitochondrial superoxide and intracellular ROS ( Fig. 2E and F) , and damage in DNA, protein and lipids ( Although piperacillin is a B-lactam type antibiotics, little is known on the possible neuroprotective effects of piperacillin. In contrast, literatures and our work demonstrates the neurotoxic effects of piperacillin and its deleterious effects on neuron cell mitochondria (Grill and Maganti 2011; Huang et al. 2009; Lin et al. 2007 ). Besides piperacillin, other antibiotics including levofloxacin, doxycycline and tigecycline, have been reported to acts on human cells through inducing mitochondrial dysfunction and ROS overproduction (Li et al. 2017; Song et al. 2016; Zhao et al. 2016) . These suggest that the actions of antibiotics in bacteria are similar in mammalian cells.
The identification of mitochondrial dysfunction and oxidative damage provides fundamentals for understanding the action of piperacillin or other similar antibiotics in neuron cells and developing therapeutic strategy to alleviate side effects by prolonged antibiotic treatment. We show that by co-treatment with antioxidant NAC, mitochondrial dysfunctions induced by piperacillin are abolished (Fig. 4) . In addition, NAC abolishes the effects of piperacillin in inducing oxidative damage and cell death (Fig. 5) . These demonstrate that co-administrating antioxidants and piperacillin could be a simple treatment strategy to prevent cellular mitochondrial dysfunction and oxidative damage induced by piperacillin in patients.
In conclusion, our work show that antibiotic piperacillin causes mitochondrial dysfunction and oxidative damage in neuron cells, leading to cell death. The deleterious effects of piperacillin 
